Polymeric materials can serve as a matrix for the dispersion of nanomaterials with good attenuation features, resulting in lightweight, conformable, flexible, lead-free and easy-to-process materials. Thus, some well-known radiation shielding materials could be used in low proportion as a filler, for the formation of new materials. On the other hand, 
INTRODUCTION
The poly(vinylidene fluoride) [PVDF] homopolymer has a semi-crystalline structure. Each chain is formed by the repetition of (-CH2-CF2-)n monomers. In one of its possible five crystalline phases, the beta-phase, it presents significant ferroelectricity compared to other ferroelectric polymers, which provide technological applications as transducers, actuators and artificial muscles [1] . On the other hand, the PVDF ferroelectric properties are also observed in one of its fluorinated copolymers, the P(VDF-TrFe) copolymer, for TrFE contents ranging from 18% to 63%. It undergoes a structural phase transition ferro-to-paraelectric phase at temperatures ranging from 52 °C to 80°C, respectively. The great difference in the degree of crystallinity observed in both PVDF and P(VDF-TrFe) is attributed to the different processes of obtaining samples [2] .
One of the promising future applications of polymer-based nanocomposites is in the field of X-ray attenuation, such as interventional radiology procedures and aerospace industry. Polymeric compounds filled with metal oxides and reinforced with graphitic materials have presented promising results regarding shielding and attenuation for both cosmic and X-ray radiations. [3] , [4] , [5] In this context, an enhanced X-ray absorption effect of CNTs was reported by Fujimore et al. (2011) [5] , when compared with highly oriented pyrolytic graphite (HOPG). They have demonstrated that CNT-coated fabrics could efficiently absorb 17.5 keV X-ray photons by using polyester fibers filled with 2.5 wt% of ZrO2 and coated with 8.0 wt% of multiwalled carbon nanotubes (MWCNTs). On the other hand, the main graphitic material that has attracted both academic and industrial interest is graphene because it can produce significant improvement in nanocomposite properties, at very low filler contents. We remark that CNTs can be thought of as a graphene sheet (a hexagonal lattice of carbon) rolled into a cylinder. Thus, it is believed that graphene sheets should also present enhanced X-ray attenuation features like CNTs. In fact, recently, Viegas et al. (2017) [6] reported an enhanced X-ray attenuation efficiency for PVDF/GO nanocomposites when filled with only 1.88 wt% of graphene oxide nanosheets. The mass attenuation coefficient was found to be four times higher than that encountered for nanocomposites made of PVDF filled with 1.88 wt % of other graphitic materials. Graphene Oxide, which is chemically similar to graphene, is formed by hexagonal lattice, two-dimensional carbon monolayer in atomic-scale, and can be functionalized with epoxy, hydroxyl, carboxylic and carbonyl groups. It is generally prepared by the oxidation of graphite flakes, giving OG characteristics of hydrophilicity, better dispersion features and compatibility with various polymer matrices. Reduced graphene oxide (rOG) has a lower amount of oxygen groups on the graphene surface, making it structurally more similar to graphene. The main routes of obtaining the reduced graphene oxide (rGO) frequently reported are the thermal and chemical reductions [7] . The attenuating characteristics presented by graphene and its oxides such as absorption of electromagnetic radiation (white light) [8] , shielding in the microwave region [9] and improvement of composite properties with low fill percentage (< 2% filler) make graphene oxide and reduced graphene oxide excellent candidates for diverse applications as well as the graphene itself. [10] [11] [12] [13] .
The addition of nucleating agents in non-polar alpha phase of PVDF, such as graphitic materials (carbon nanotubes, graphene, graphene oxide and reduced graphene oxide) or metal oxides with attenuation features (barium oxide, bismuth, lead oxide) [14] [15] can induce the formation of the ferroelectric beta phase. A common way to produce PVDF-based composites is to solve PVDF pellets in a solvent. After dissolution, graphitic or metal oxides materials, also dispersed into a solvent, is added to the solution [13, 16] .
In this work, we have used a metallic oxide with excellent attenuation efficiency for low energy Xray: the barium oxide. According to the values provided by National Institute of Standards and Technology (NIST, 2017) [17] , it has the highest mass attenuation coefficient for X-ray energies around 8.1 keV when compared to other metallic-based attenuators such as Pb, Bi and W. On the other hand, it is well known that polymer composites reinforced with graphitic materials have also presented extremely satisfactory results for radiation shielding and attenuation in both cosmic and high-energy X-ray radiation (100 keV to 1.16 MeV) [18] , [19] . The properties of PVDF−graphene nanocomposites have been also explored for applications in several specific fields [20] [21] [22] [23] . In order to perform this investigation, PVDF/rGO nanocomposites, filled with 1.9, 4.0, 6.0 and 8.0 % of rGO, overlapped with P(VDF-TrFE)/BaO thin films were sandwiched between two layers of kapton® films. The kapton layers were used just to provide structural stiffness for the proof samples.
The linear attenuation coefficients of the multilayered samples were evaluated and compared to the linear attenuation of the individual constituents, for monochromatic 8.1 keV X-ray photons.
MATERIALS AND METHODS
The dispersion of rGO occurred in aqueous medium (pH 12, 0.8 mg/mL) by sonication in a Sonics Vibracell VCX 500, with 750 W − 20 kHz, for 30 min. The PVDF/rGO nanocomposite films were prepared dissolving (0,03g/mL) of PVDF, with molecular weight of 180.000 Mw, in a solvent formed by n,n-dimethylacetamide (DMAC) and 1 wt % of acetic anhydride at 60 °C. The PVDF were supplied by Sigma Aldrich. The rGO was also supplied by Aldrich with Product Number: 777684.
After dissolution of PVDF, dispersed rGO was added to the solution in proportions of 1.9%, 4%, 6% and 8% relative to the weight of PVDF. After solvent evaporation, PVDF/rGO films of c.a. 25 μm thick and cut with area of 9.63 cm 2 were produced.
P(VDF-TrFe)/BaO composites were prepared by dissolving small quantities of P(VDF-TrFE) using the same methodology used to dissolve PVDF. After dissolution, 8% of BaO was added to the solution. After solvent evaporation, P(VDF/TrFE)/BaO films of c.a. 64 μm were produced. SEM micrographs were taken in a Sigma VP field emission scanning electron microscope (Zeiss).
RESULTS AND DISCUSSION
We started the shielding characterization of the multilayered nanocomposites made of PVDF/rGO and P(VDF-TrFE)/BaO remarking that they may have different linear attenuation coefficients when irradiated with monoenergetic photons of the same energy, once they have different polymeric matrix and fillers. Also, the behavior of the linear attenuation coefficients as a function of the photon energy with energies ranging from 0.001 keV to 20 MeV may be different. This is due to the nature of the interaction of electromagnetic radiation with matter, which involves photoelectric absorption, coherent scattering, incoherent scattering and par production effects. Thus, for a given monoenergetic photon, the total attenuation of the multilayered samples produced in this work will depend on which nanocomposite the X-ray radiation first interacts. In order to observe this influence, we have irradiated each multilayered sample with the X-ray beam directed first to one side and, subsequently, to the opposite side. The results are presented in Figure 2 that shows the counting spectra measured by the Diffractometer detector at 2θ approximately equal to 26.60°. In Figure 2 As it can be seen, the spectra are quite similar, meaning that the above mentioned effect can be ne- By using the equation (1) it is possible to calculate the attenuation percentages and also their respective linear attenuation coefficients (µ) for both sides of incidence of the X-ray beam. These data are shown in Table 1 . Comparing the attenuation features for both directions of the X-ray beam, we see again that there is practically no differences. The X-ray attenuation obtained by the sample with P(VDF-TrFE)/BaO and PVDF/rGO with 1.9% of rGO is around 50%. For this sample, the total thickness, including the Kapton films, is 0.0326 cm. This is then the effective half value layer (HVL) for the multilayered sample. The corresponding linear attenuation coefficient is 21.29 cm -1 .
For comparison purposes, the HVL for aluminum at this same energy is 0.0051 cm. It is also interesting to observe, in Table 1 , the improvement around 7% in the X-ray attenuation provoked by the addition of the PVDF/1.9% rGO nanocomposite, which is only 26 μm thick, in the multilayered sample. This band is characteristic of the π -π * transition of reduced graphene oxide. However, these bands are less intense and very closed in the spectra of the nanocomposites filled with 4.0% and 6.0% of rGO. We think that this result indicates problems with the dispersion of rGO in the PVDF matrix, leading to a poor reproducibility in the production of the nanocomposites. We remark that closed values of absorbance intensities at 1587 cm -1 , which are attributed to C=O vibrational stretching, are also observed in the FTIR spectra of the nanocomposites filled with 4.0% and 6.0% of rGO Fig.   4 (b) . Thus, we see that the UV-Vis and FTIR data, with respect to the amount of rGO aggregated in these compositions, are in agreement.
SEM micrographs analysis were performed in PVDF nanocomposites filled with 1.9, 4, 6 and 8%
of rGO. Figure 6 shows that amount of rGO in the PVDF matrix has fundamental influence in the formation of larger crystalline structures, modifying the mechanism of the crystalline component and the crystallization spherulite kinetics.
Figure 6: Micrographs of pure and non-irradiated PVDF in a 2 μm scale: a) P(VDF-TrFe)-8%BaO, b) PVDF-1.9% rGO c) b) PVDF-4%rGO d) PVDF-6%rGO e) PVDF-8%rGO.
In the Figure 6 , it is possible to observe spherical aggregates of lamellar crystallites, at least for nanocomposites filled with 4.0, 6.0 and 8.0% of rGO. These big crystalline structures are character- istic of PVDF crystalline homopolymers. This behavior has also been reported by VIEGAS [6] and GAHLOT [25] .
In fact, in Figure 7 , which displays the SEM-EDS Micrograph PVDF/rGO nanocomposite filled with 4.0% of rGO. In this EDS micrograph, the Oxygen atoms are identified with green color while Fluorine atoms appears in blue color. The smaller green structures among the spherulites are identified as the rGO structures. It is possible to see that the rGO nanosheet agglomerates are accommodated on the surface of PVDF spherulites or on the amorphous ligation between two adjacent crystalline spherulites. Figure 7 ). For comparison purposes, the infrared absorption intensities at 1587 cm -1 (Figure 4(b) ) and UV-Vis absorption intensities ( Figure 5 ) are also shown.
Finally, we may discuss about the larger X-ray attenuation of the multilayered sample with PVDF/1.9% rGO (AT = 50%) when compared to the samples filled with 4, 6 and 8 % of rGO (AT=44%). We think that this unexpected result is linked to the dispersion of graphene sheets into the PVDF matrix. We note that, Viegas et al. 22.1 keV. They attributed this behavior to the interaction of the graphene sheets with the crystalline structure of the PVDF chains. In the nanocomposites with 0.5% and 1.0%, they observed formation of crystalline spherulites in the SEM images. In the sample with 1.9% of rGO, there was no formation of spherulites. In our PVDF/rGO nanocomposites, we clearly see the formation of spherulites in the samples with 6% and 8% of rGO. Unfortunately, the SEM image for the sample with 1.9% is not sufficiently clear to determine if there are spherulites or not. However, it is quite different for others. Thus, we think that this question will remain open for future investigation.
CONCLUSION
The objective of this work is to investigate the X-ray shielding features of multilayered PVDF/rGO and P(VDF-TrFE)/BaO composites. PVDF/rGO overlapped with P(VDF-TrFE)/BaO thin films were sandwiched between two layers of kapton films of different thickness, in order to provide structural stiffness to the proof samples. We have demonstrated the increased X-rays attenuation efficiency of composites filled with reduced graphene oxide for 8.1 keV photons. The X-ray attenuation obtained by the sample with P(VDF-TrFE)/BaO and PVDF/rGO with 1.9% of rGO is around 50%. The corresponding linear attenuation coefficient was 21.29 cm -1 . The half value layer was 0.0326 cm, including the thickness of Kapton films used to provide structural stiffness. FTIR data revealed that the ferroelectric β-phase of PVDF is predominant in PVDF/OG nanocomposites samples, because of the lack of vibrational modes between 552 and 813 cm −1 , which is characteristic of the β-phase. The results reveal that the multilayered sample that contains overlapped PVDF/rGO and P(VDF-TrFE)/BaO films are good candidates to be further investigated for application in X-ray shielding in interventional radiology and gamma radiation shielding.
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